Aldehyde oxidase (AO, EC 1.2.3.1) and xanthine oxidase are major members of the molybdenum hydroxylase family. Both enzymes consist of a homodimer with a subunit molecular mass of about 150 kDa. Each subunit is made up of a 20 kDa domain containing two different 2Fe-2S clusters in which reducing equivalents necessary for catalysis are stored, a 40 kDa domain containing a flavine adenine dinucleotide (FAD), and an 80 kDa domain containing a molybdenum cofactor (MoCo) in which a substrate binding site is located.
AO has several pharmacokinetically interesting properties of remarkable species differences, large strain differences in rat, and individual differences in some kinds of rat strains. Among those phenomena, species differences have been widely demonstrated in the metabolism of many drugs catalyzed by AO. They include an ocular hypotensive agent, brimonidine, 9) antiviral drugs, famciclovir and 6-deoxypenciclovir, 10) an antineoplastic drug, methotrexate, 11) an ultrashort acting hypnotic, zaleplon, 12) and an oral antitumor agent, zebularine. 13) Thus, it is now well established that the variations in AO activity may be dependent on not only animal species, but also on the chemical structure of the substrate. Roughly speaking, AO activity is high in monkeys and humans, moderate to low in rats and mice, and deficient in dogs. Similar to those reports, we observed remarkable species differences, rat strain differences, and polymorphism-based individual differences in Donryu strain rat in the AO-catalyzed 2-oxidation activity of the (S)-enantiomer of RS-8359, [(Ϯ)-4-(4-cyanoanilino)-5,6-dihydro-7-hydroxy-7H-cyclopenta[d]-pyrimidine]. [14] [15] [16] [17] [18] The compound is a reversible and selective monoamine oxidase (MAO)-A inhibitor 19, 20) and has been developed as an anti-depressant. 21, 22) As to species differences, monkeys showed the highest activity followed by humans. Furthermore, monkey and human liver cytosol preparations exhibited a biphasic pattern in the Eadie-Hofstee plots for the 2-oxidation activity of (S)-RS-8359, but not rat and mouse liver cytosols. The expression system of monkey AO full cDNA suggested that the biphasic Eadie-Hofstee profile might be produced by the existence of two active sites in a single AO enzyme rather than by the existence of two AO isoforms.
23)
Molecular cloning of AO cDNA has been accomplished in mouse, 24, 25) rat, 26) rabbit, 27) bovine, 28) and human. [29] [30] [31] The deduced primary structure of AO proteins have been characterized with regard to consensus sequences for two distinct 2Fe-2S clusters and five MoCo-binding sites. Wright et al. 26) indicated that the kinetic differences of AO activity between male and female rats are due to sensitivity to redox manipulation of AO that was most likely expressed by a single AO gene. In human 32) and mouse, 33) the structures of the 5Ј-flanking region containing several putative regulatory elements were determined. In spite of this rapid progress in molecular biology of AO, little is known about the mechanisms of variation in AO activity depending on both of animal species and chemical structure of substrate. the specific amino acid of an enzyme by site-directed mutagenesis (SDM) may be one of the best ways to clearly reveal the various properties of the enzyme. Before conducting SDM, in the current study we constructed chimeric AOs between monkey and rat, and investigated their catalytic activities in order to obtain some information on the properties of each domain of AO. Enzyme Activity Assay (S)-RS-8359 (0.313-300 mM) was incubated at 37°C for 60 min in a reaction mixture (0.25 ml) consisting of 100 mM phosphate buffer (pH 6.0), 1.0 mM K 3 Fe(CN) 6 , 0.13 mM EDTA, and the expressed protein (5-20 mg/ml, 0.10 ml). The reaction was stopped by the addition of acetonitrile (0.50 ml) containing 0.2 mg/ml of hydrocortisone as an internal standard. The mixture was then centrifuged at 10000 g for 5 min. Aliquots (25 ml) of the supernatant were analyzed for quantification of the oxidation product by reversed-phase HPLC on a YMC ODS A-312 column (6.0 mm i.d.ϫ150 mm, YMC Co., Ltd., Kyoto, Japan). The mobile phase was composed of acetonitrile/0.5% ammonium acetate (25 : 75); the flow rate was 1.0 ml/min. The HPLC instrument was a Shimadzu model 6A High Performance Liquid Chromatograph System (Shimadzu Seisakusho Co., Ltd., Kyoto, Japan). The peaks were monitored for absorbance at 315 nm; the peak area was calculated on a Chromatopac C-R4A (Shimadzu).
MATERIALS AND METHODS

Chemicals and Reagents
Kinetic parameters were estimated using the nonlinear regression function in Sigma Plot (version 6.0). The standard Michaelis-Menten velocity equation and the single-enzyme model with two binding sites described by Korzekwa et al. 34) was used for the analysis of monophasic and biphasic data shown in Eadie-Hofstee plots, respectively.
Construction of Expression System for Chimeric AO between Monkey and Donryu Strain Rat AO cDNAs of monkey 23) and Donryu strain rat 35) have already been subcloned and cryopreserved in pQE-30Xa vector (QIAGEN, Venlo, The Netherlands) in this laboratory. The strategy of constructing chimeric AO between monkey and Donryu strain rat is illustrated in Fig. 1 . Here, chimeric rat/monkey AO was referred to one with rat type 2Fe-2S and FAD domains and a monkey type MoCo domain, and chimeric rat/monkey AO was vice versa. Monkey and rat AO plasmids were extracted and purified from respective pQE-30 Xa vectors. They were treated with restriction enzyme MfeI (New England Biolabs, Beverly, MA, U.S.A.) according to the manufacturer's instructions to obtain DNA fragments of 5.9 kbp and 1.9 kbp. The 5.9 kbp fragments, which are assumed to contain the MoCo domain, were dephosphorylated by PAP (Alkaline Phosphatase from Shewanella sp. SIB1) treatment according to the manufacturer's recommended protocol. The 1.9 kbp fragments, which are assumed to contain the 2Fe-2S and FAD domains, were purified with the Wizard SV Gel and PCR Clean-Up System. The monkey 1.9 kbp fragment was ligated with the rat 5.9 kbp fragment by using a TaKaRa DNA Ligation Kit Ver. 2.1 (TaKaRa Bio Inc., Kyoto, Japan), which was named the Monkey/Rat AO plasmid. Similarly, a Rat/Monkey AO plasmid was constructed by ligation of the rat 1.9 kbp fragment with the monkey 5.9 kbp fragment. The two AO cDNA plasmids were transfected into the expression Escherichia coli M15 cells (pREP4, QIAGEN). A single colony was cultured at 37°C overnight in 5 ml of 2ϫYT medium containing 50 mg/ml ampicillin. Insertion of the respective AO cDNA was checked by agarose gel electrophoresis of Acc65I/SalI and SacI/HindIII treatment products. Then, the recombinant nucleotide sequences were determined by a CEQ 8000 Analysis System and a DTCS Quick Start Kit (Beckman-Coulter Inc., Fullerton, CA, U.S.A.) according to the method recommended by the manufacturer. The sequence primers used were 5Ј-agtcacccttgcaggttcagctc-3Ј for Monkey/Rat AO and 5Ј-agtcacccttgcaggttcagctc-3Ј for Rat/Monkey AO, which were designed close to the MfeI site.
Cell Cultures Each AO cDNA plasmid prepared above was transfected into the expression E. coli M15 cells. The control sample was produced by transfection of the pQE-30 Xa vector. A single colony was cultured at 37°C overnight in 5 ml of LB medium containing 50 mg/ml ampicillin and 25 mg/ml kanamycin. To the overnight culture, 500 ml of LB with 50 mg/ml ampicillin and 25 mg/ml kanamycin were added and cultured at 37°C until absorbance at 600 nm reached 0.5-0.6. Then, IPTG (1 mM) was added to the mixture along with ATP (1 mM), riboflavin (3 mM), and Na 2 MoO 4 (50 mM) according to the methods previously reported. 27) Growth of the culture was allowed to continue for 72 h at 22°C. After collection by centrifugation at 7000 g for 10 min at 4°C, the cells were solubilized with QIAexpressionist (QIAGEN) according to the manufacturer's instructions. The soluble proteins were applied to a HisTrap HP Column (GE Healthcare Ltd., U.K., Buckinghamshire, England) fully preequilibrated with 10 mM phosphate buffer (pH 7.4) containing 20 mM imidazole and 0.5 M NaCl (Buffer A). After being washed with 100 mM imidazole in Buffer A, the objective enzyme was eluted with 250 mM imidazole in Buffer A. Native-Polyacrylamide Gel Electrophoresis (PAGE) The expressed enzymes were separated by Native-PAGE, which was performed using NativePAGE Novex 4-16% Bis-Tris Gel according to the manufacturer's protocol (Invitrogen Corp., Carlsbad, CA, U.S.A.). Protein bands were visible due to staining with the Coomassie G-250 in the sample additive and Cathode Buffer (Invitrogen). The NativeMark Unstained Protein Standard (Invitrogen) was used for the estimation of protein molecular mass; lactate dehydrogenase 146 kDa, B-phycoerythrin 242 kDa, apoferritin band 2480 kDa.
Statistical Analysis The results are expressed as the meanϮS.E. of three to four experiments. Statistical significance was compared by Student's t-tests. Values with pϽ0.05 were considered statistically significant.
RESULTS
Native-PAGE
The wild AO cDNA of monkey and rat and the chimeric AO cDNA of monkey/rat and rat/monkey were expressed and purified with a HisTrap column. The proteins obtained were analyzed by Native-PAGE (Fig. 2) . All of them showed one band at the molecular mass of approximately 300 kDa.
AO Activity of Expressed Chimeric Enzymes
The AO-catalyzed 2-oxidation activity of (S)-RS-8359 was measured using the expressed chimeric enzymes. Figure 3 shows a typical Michaelis-Menten plot. Monkey/rat AO exhibited a similar profile as that of rat AO, in that a clear substrate inhibition was seen. In contrast, neither the rat/monkey AO nor the monkey AO showed any substrate inhibition. A typical Eadie-Hofstee plot is shown in Fig. 4 . The monkey/rat AO exhibited a monophasic pattern in accord with that of rat AO. In contrast, a biphasic pattern was observed in the chimeric rat/monkey AO as well as in that of monkey AO.
Kinetic Parameters of Expressed Chimeric Enzymes
The kinetic parameters for 2-oxidation of (S)-RS-8359 were determined from Eadie-Hofstee plots (Table 1) . A biphasic profile was observed in monkey AO and the chimeric rat/monkey AO, but not in rat AO and the chimeric monkey/rat AO. When the parameters of monkey AO were compared with those of the chimeric rat/monkey AO, it was The typical result from at least three independent experiments is shown. The substrate concentrations were 0.313-300 mM.
found that the V max value of monkey AO was approximately two times greater than that of the corresponding rat/monkey AO for both the high and low affinity components. In contrast, the K m value was nearly the same. Nearly the same twofold greater V max value was observed for the chimeric monkey/rat AO compared to that of rat AO with no significant difference in K m value.
DISCUSSION
AO activity is variable depending on species and substrate structures. Although many causes are plausible for the phenomenon, little is known. We supposed that differences in the structure of the 2Fe-2S/FAD domain and the substrate binding MoCo domain as possible causes. In order to obtain more information about these possibilities, chimeric rat/monkey AO and monkey/rat AO were constructed by exchanging the MoCo domain of AO cDNA between monkey and Donryu strain rat.
The monkey/rat AO as well as rat AO showed clear substrate inhibition at high concentrations in Michaelis-Menten plots for the AO-catalyzed 2-oxidation of (S)-RS-8359. In contrast, neither rat/monkey AO nor monkey AO exhibited any substrate inhibition. The substrate inhibition seen in rat liver cytosol was reproduced in the chimeric monkey/rat AO enzyme, suggesting that the MoCo domain, which contains a substrate binding site, was obviously involved in the phenomenon. In contrast, no substrate inhibition was observed for liver cytosol of human and rabbit that show relatively high AO activity. The oxidation of quinoline and quinolinebased alkaloids with hepatic AO of rabbit and guinea pig exhibited substrate inhibition. The phenomenon was explained as following: the excess substrate molecules are able to bind at a second low-affinity binding site, thus inhibiting oxidation of substrates bound at the primary high-affinity site. 36) Obach. 37) reported that vanillin and nicotine-D1Ј(5Ј)-iminium ion oxidations catalyzed by human liver cytosolic AO followed simple Michaelis-Menten kinetics, whereas the two reactions of phthalazine oxidation and CP-544, 439 reduction demonstrated substrate inhibition. These findings suggest that substrate inhibition is not related to the degree of AO activity, animal species, the direction of reaction, and the chemical structure of the substrate, in other words being variable depending on species and chemical structure. Organized studies are needed for clarification of the detailed mechanism. The typical result from at least three independent experiments is shown. The substrate concentrations were 0.313-300 mM. Eadie-Hofstee plots for the 2-oxidation activity of (S)-RS-8359 demonstrated the biphasic pattern for monkey AO and the chimeric rat/monkey AO, but not for rat AO and the chimeric monkey/rat AO. Usually, a biphasic pattern is caused by the existence of two enzymes catalyzing the same reaction or by the existence of two binding sites in a single enzyme. In the current study, we used the AO enzyme obtained by expression of a single AO gene. The enzyme was actually a single band on Native-PAGE/Western blot analysis. Accordingly, it is strongly suggested that the biphasic EadieHofstee profile was caused by two binding sites in a single enzyme. Taylor et al. 38) studied the product ratio of 2-to 4-quinolone metabolites from N-methylquinolinium salts with rabbit or guinea pig liver AO. From a change in the production ratio at high pH values and in the presence of a competing substrate, they suggested the possibility of two binding sites for a quaternary substrate. Details of the binding sites will be one of the future subjects of investigation.
The V max values for the AO-catalyzed 2-oxidation of (S)-RS-8359 of high and low affinity components in monkey AO were approximately two times greater than that in the chimeric rat/monkey AO. Similarly, the V max value was approximately two times greater in the chimeric monkey/rat AO than that in rat AO. However, there were no significant differences in K m values between the AOs. The results indicated that the monkey type of 2Fe-2S/FAD domain gives a higher velocity compared to the corresponding rat type when the MoCo domain is identical. This might be caused by a more effective electron transfer system in monkey than in rat, and the difference in the system might be one reason for the species differences in AO. However, the results do not necessarily explain remarkable species differences in AO activity observed in the 2-oxidation of (S)-RS-8359. 16) They rather suggest that AO activity itself is not so much different between monkey and rat, and an another reason, for example the amount of AO expressed in the liver, is mainly responsible for the species difference. We are now investigating which of the 2Fe-2S and FAD domains contributes more to the enhancement of AO activity or whether both of them are needed as well as quantitative evaluation of the enzyme in the liver cytosols.
In conclusion, the chimeric AO enzymes of monkey and Donryu strain rat were expressed in E. coli and the AO-catalyzed 2-oxidation activities of (S)-RS-8359 were measured. It was suggested that the phenomena of substrate inhibition and biphasic Eadie-Hofstee profile observed in rat and monkey, respectively, is primarily dependent on the properties of each animal's MoCo domain. Further, the difference in electron transfer efficiency in the 2Fe-2S/FAD domain was suggested to partly contribute to species difference in AO activity.
